Single-phase yellow phosphor, CaGd concentrations, was synthesized using the solid-state reaction method. The samples were characterized using X-ray diffraction (XRD), excitation spectra, emission spectra, thermal quenching, and decay curves. The cubic phase of CGZSA:Ce phosphor demonstrated that the phosphor could be excited at the wavelength of 440 nm; a broad yellow emission band was centered at 541 nm. These results indicate that the phosphors are adequately excited by blue light and have the potential to function as yellow-emitting phosphors for applications in white lightemitting diodes.
Introduction
hosphor-converted white light-emitting devices (pcWLEDs) are considered a promising light source for solid-state lighting, displays, and headlights owing to their high efficiency, low energy consumption, long life, and environmentally benign nature.
)
Commercial pc-WLEDs are fabricated by incorporating Y The dominance of pc-WLEDs in lighting applications is due to the invention of efficient blue LEDs.
The broadband activators (Eu , are the most promising activators for phosphors owing to their broad emission band originating from the 4f-5d transitions.
, 6 )
They can extend the absorption band from ultraviolet (UV) to the visible region in the phosphor hosts, matching the most efficient excitation source, the InGaN blue-LED chip.
)
Garnet-based phosphors are the most commonly utilized phosphor hosts (such as YAG:Ce wherein the three crystallographic cation sites, namely X, Y, and Z, form eight-, six-, and four-coordinations to form a dodecahedron, octahedron, and tetrahedron, respectively.
Moreover, Ce The large crystal field splitting of the ion in the garnet structure produces emission and excitation at relatively longer wavelengths, especially in the visible region, rendering it an exceptional phosphor host for WLED lighting. The splitting of the cubic crystal field , which dominated the spectroscopic red-shift emission. A new yellow-emitting CaGd phosphor has not been reported yet.
In this study, Ce 3 + -doped aluminate garnet phosphors containing zirconium were synthesized using the solid-state reaction method. To understand the detailed ionic distribution in these garnet crystals, the structure of the representative compound CGZSA:Ce phors were presented and analyzed based on the crystal structure. The thermal stability and quantum efficiency were investigated in detail. (Kojundo, 99.99%) as the precursors. The precursors in stoichiometric ratios were mixed using an agate mortar for 30 min, with acetone as the dispersing medium, to obtain homogeneous mixtures. The mixtures were placed in an alumina crucible and sintered at 1450°C for 4 h at a heating rate of 5°C/min under a reducing atmosphere (N 2 /H 2 = 95% : 5%) in a tube furnace. Subsequently, the samples were gradually cooled to room temperature in the furnace and, finally, these samples were ground into powders to obtain a series of samples of CGZSA:xCe The composition and phase purity of the samples were identified using X-ray diffraction (XRD). XRD patterns were obtained using CuKα radiation (Philips X'Pert) over the angle range of 10° ≤ 2θ ≤ 100°. Diffraction data were analyzed via Rietveld refinement using the general structure analysis system (GSAS) software. Room-temperature PL excitation and emission spectra were obtained using a Hitachi F-4500 fluorescence spectrophotometer in the wavelength range of 300 -700 nm. The thermal quenching (TQ) characteristics were measured in the temperature range of 25 -200°C by connecting the Hitachi F-4500 fluorescence spectrometer to an integrated heater, temperature controller, and thermal sensor. At the temperature of −196 o C, lowtemperature PL spectra were obtained using a Hitachi F-7000 luminescence spectrophotometer under excitation at 325 nm connected to the ARS-cryostat system at the Korea Photonic Technology Institute (KOPTI), Republic of Korea. The fluorescence decay curve was obtained using a Horiba Fluorolog-3 with a 450 nm LED. The quantum yield (QY) of the phosphors was measured using a QY measurement system (Hamamatsu C9920-02) at the KOPTI, Republic of Korea. Tables 1, 2 , and 3. The structure has many shared edges between adjacent polyhedrals. In the CGZSA:0.04Ce The BVS of the structure refinement of CGZSA:0.04Ce increased, as shown in Fig. 2(b) . This result shows that the amount of Ce 3 + ions was only slightly substituted for and no significant change was observed.
Experimental Procedure

Results and Discussion
Figure 3(a) presents the excitation and emission spectra of concentration due to reabsorption of emitted photons by the activator. Fig. 3(b) shows the excitation and emission spectra of the optimized CGZSA:0.04Ce 3 + under excitation at 440 nm at room temperature. The excitation spectrum was separated into two excitation bands of Ce Similarly, the PL spectrum involves a broad asymmetric emission band related to the spin-allowed d-f transition of Ce 3 + with its maximum at the wavelength of 541 nm under excitation at 440 nm.
The dependence of the emission intensity on the Ce
+
substitution is shown in Fig. 3(c) . We observed that the optimum substitution of Ce another Ce 3 + ion. Non-radiative energy transfer usually occurs as a result of exchange interaction, radiation reabsorption, or electric multipolar interaction. According to the Dexter theory, the mechanism of radiation re-absorption occurs only when there is a broad overlap of excitation and emission spectra. To further investigate the concentration quenching mechanism of the CGZSA:0.04Ce 3 + phosphor, the critical transfer distance (R c ) was roughly estimated. In this case, to further determine the energy transfer mechanism, R c between Ce 3 + activators can be estimated using the following formula:
where V corresponds to the volume of the unit cell, N is the number of total Ce Table 1 ). R Based on the spectral data of the CGZSA:0.04Ce
phosphor, we also used the Dexter formula, expressed as follows, to calculate R c . The formula represents a confined transfer of electric dipole-dipole interaction, and is suitable because we herein assumed dipole-allowed transitions in the case of Ce 3 + . The probability of transfer of dipole-dipole interaction has been given by Blasse:
where P is the oscillator or strength of the Ce
ion, E is the energy of the maximum spectral overlap, and the integral represents a spectral overlap, which is the product of the normalized spectral shapes of the emission and excitation. The values of E and were derived from the spectral data in Fig. 2(a) phosphor was calculated and found to be 18 Å, which is close to the value of 15 Å obtained using the concentration quenching data. According to Blasse, the value of R c for the general exchange interaction is ~5 Å. Therefore, the exchange interaction can be neglected in the energy transfer within the CGZSA:0.04Ce
phosphor. Via structural analysis, we confirmed that the Ce 3 + ions occupied only the Gd site and, via PL measurement at low temperature (−196 o C), we confirmed that they generated two peaks in the PL spectra due to the variation of the emission spectra, as shown in Fig. 4 . The emission band of the phosphor was deconvoluted into two Gaussians profiles with peaks centered at 528 nm (18938 cm , allows two levels whose maxima were isolated in a range of 1600 to 2000 cm
as a result of spin-orbit coupling. Therefore, using the two Gaussians for the deconvolution of the emission peak resulted in a reasonable value of fitting, as shown in Fig. 4 .
The lifetime of the CGZSA:0.04Ce 
R C 6 = 0.63 × 10 284.8 10 The presence of the fast component indicates the existence of a non-radiative process from the excited Ce 3 + to the quenching centers, such as structural defects and local distortions in crystals. phosphor. The TQ property is an important parameter for the practical applications of phosphors. Fig. 6(a) shows the thermal quenching characteristics of the CGZSA:0.04Ce 3 + phosphor in the temperature range of 25 to 200°C. It can be observed that the emission intensity of CGZSA:0.04Ce 3 + decreases rapidly with the increase in temperature, and only approximately 46% of the emission intensity recorded at room temperature remains at 100 o C. Furthermore, it can be observed that, with the increase in temperature, the emission intensity decreases gradually and the emission band changes from two apparent asymmetric broad peaks to one definite broadband. In order to explain the large TQ behavior of the CGZSA:0.04Ce 3 + phosphor, two possible models in Ce 3 + -doped phosphors are considered, as follows. One model, the well-known non-radiative relaxation model, is explained by using a configurational coordinate diagram (CCD), wherein the excited luminescence center is thermally activated through phonon interaction and released through the crossing point between the excited and ground states. This nonradiative transition probability via thermal activation is strongly dependent on the temperature, and results in a decrease in the emission intensity. Owing to the increasing phonon interaction and the non-radiative transition with the increase in temperature, the spectral overlap between the excitation band and the first emission band increases. The other model is the thermal ionization model. Thermal ionization refers to a thermally activated electron transfer process to the conduction band. Further, in order to investigate the TQ characteristics, the activator energy (E a ) was calculated using the Arrhenius equation, shown below:
where I 0 is the initial intensity, I(T) is the intensity at a given temperature T, A is a constant, E is the activation energy for TQ, and k is the Boltzmann constant. Through the best fit using the Arrhenius equation, the activation energy (E) was obtained as 0.22 eV for the CGZSA:0.04Ce 3 + phosphor, as shown in Fig. 6(b) . The activation energy of the YAG:Ce This indicates that the CGZSA:0.04Ce 3 + phosphor has a cross-point in the CCD lower than that of the YAG: Ce 3 + phosphor. The thermal emission stability decreases owing to the reduction of the energy displacement between the host conduction band and the Ce 3 + 5d band levels. Moreover, the host, which includes Gd ions, has a large non-radiative transition in the garnet structure owing to the weak crystal structure of the host and, hence, the energy relaxation from the excited state to the ground state has a large loss due to lattice vibration. Further, the value of QY of the CGZSA:0.04Ce 3 + phosphor, measured at room temperature, was 20%. The value of QY is also related to ΔE a ; hence, it would be lower in the phosphor with stronger luminescence TQ.
Conclusions
Yellow CGZSA:xCe 3 + phosphors were successfully prepared using a solid-state reaction. The phase purity was 
